Abstract-An ac-operated capacitive accelerometer with electrostatic force feedback is employed for direct mechanical spectrum analysis. Force feedback acts as a means for electronic modulation of the spring constant of the suspension and thus for enhancing the sensitivity. Therefore, a suitable electrostatic time-varying actuation can be used to make the accelerometer selectively sensitive to a coherent frequency component of a mechanical vibration. By sweeping the frequency of the drive voltage over a selected range, the mechanical (vibration) spectrum is analyzed in the mechanical domain. An inverted pendulum type of accelerometer structure has been fabricated in silicon using micromachining techniques and operated using electrostatic momentum feedback. The spectral performance is comparable to fast Fourier transform based systems for spectral analysis on a time series supplied by a conventional accelerometer, while the overall system features a reduced complexity and reduced power consumption.
I. INTRODUCTION

M
ANY applications require processing of the spectral content of the input mechanical signal. Conventional techniques for condition monitoring of mechanical machines based on vibration monitoring for early failure detection generally use algorithms operating in the frequency domain, rather than in the time domain [1] . The complexity and inaccessibility of the systems being monitored ask for permanently mounted vibration analysis systems. Low cost and small size monitoring systems would ensure a rapid penetration in a range of applications [2] , [3] .
From a sensing perspective, two main approaches are currently used.
1) Vibration analysis in the electrical domain, which is conventionally implemented in a straightforward way by having an accelerometer to measure a time series and a digital signal processor (DSP) to perform a fast Fourier transform (FFT) [4] . However, the DSP die size and power dissipation make such a solution difficult to implement in a microinstrument. 2) An array of tuned resonators measures the mechanical vibration. Each resonator is tuned on a specific frequency, so several spectral lines are obtained in parallel [4] . The flexibility of the scheme is reduced compared with the first approach, but allows an improvement of the signal-to-noise ratio for the chosen resonant frequencies. In this paper, an alternative approach is pursued, in which a micromachined capacitive accelerometer structure is operated using electrostatic feedback with an ac drive component introduced in the loop [5] . This is basically an extension of the electrostatic force feedback in servo-operated accelerometers with a dc voltage used for setting the loop gain [6] . Capacitive accelerometers with electrostatic force feedback are widely employed, because of performance and robustness. The force feedback acts as a means for electronic modulation of the spring constant of the suspension, "negative spring effect," and thus enables electronic control of sensitivity and resonance frequency. Commonly, the electrostatic feedback is employed for null-based acceleration measurement and provides an output signal in the form of a duty-cycle modulation, frequency modulation, or a sigma-delta bitstream format.
Extending this principle by applying an ac component in the excitation voltage enables the realization of a mechanical spectrum analyzer with frequency selectivity directly in the mechanical domain. A wide-band accelerometer can be made selectively sensitive to a narrow frequency component of a mechanical vibration that is coherent with the electrically driving forces. By sweeping the frequency of the electrical signal over a selected range, the frequency components of the mechanical vibration are obtained sequentially with a resolution determined by the details of the feedback loop.
A mechanical spectrum analyzer based on an accelerometer operated using electrostatic momentum feedback is presented and analyzed in this paper. First experimental results show that the technique compares well with more conventional techniques. The main advantages of this approach are the low cost, low power, reduced size, and system complexity, which makes the system very suitable in low power applications [7] .
II. DEVICE DESCRIPTION
Device operation is such that it provides the frequency components sequentially, rather than a time series of the acceleration. The principle is universal and could be applied to any type of accelerometer, provided that the structure allows for electrostatic driving. In this paper, a clamped inverted balance accelerometer structure is used.
The conceptual device is the conventional single-sided clamped inverted pendulum in the gravitational field, as shown in Fig. 1 . The weight of the seismic mass is assumed to be concentrated at the top. The clamped beam has elastic properties only, and is considered massless. In the absence of any horizontal acceleration component, the vertical position is an equilibrium one. Any horizontal inertial force causes a displacement from the vertical position until the reaction developed at the clamping point equilibrates the external action. Without a gravitational field, this external action is solely determined by the horizontal force; however, in the presence of a gravitational field, the effect is magnified by the force ( Fig. 1 ) and thus yields a larger equilibrium deflection.
The same principle remains valid if the vertical gravitational field is replaced with an electrostatic field. The added value is in the electronic control of this field, and thus the potential of dynamic tuning of the feedback effect.
In the micro device under investigation, the DC gravitational field is replaced by an ac electrostatic field. The frequency of the ac drive voltage determines the frequency for which this positive feedback actually takes place. The actual structure fabricated in silicon using micromachining techniques is planar, rather than vertical, and is shown in Fig. 2 . As the gravitational forces are negligible as compared to the electrostatic forces at the given dimensions, this change in device orientation has no practical implication on the operation. The anchor point is shown in the upper right corner, and interdigitated finger electrodes are available for electrostatic actuation and capacitive detection of displacement. Stoppers are included on either side of the freestanding tip to limit the lateral displacement range. Prototypes have been realized in the Bosch epipoly process [8] . 1 Basically, an 11-m-thick polysilicon layer is patterned and released in a surface-micromachining-alike process.
III. OPERATING PRINCIPLE
The key element is the dependence of the electrostatic force on the displacement, which can be linearized for displacements that are small relative to the gap size. Considering a generic accelerometer with an input inertial acceleration and a common-mode voltage far below the resonant frequency of the accelerometer, the quasi-static equivalent model presented in Fig. 3 is obtained.
The positive electrostatic force feedback induced by dc voltage is conventionally used for the electronic introduction of a negative compliance in capacitive servo accelerometers. The overall effect is a reduced stiffness of the physically available suspension. The stiffness of the suspension in the nonpowered condition can be large, greatly adding to device reliability. The tuning of the spring constant allows for electronic tuning of the sensitivity or the resonant frequency of the structure.
A more advanced use of the structural coupling between the mechanical and electrostatic fields results in the case of a time-1 http://www.europractice.bosch.com/en/start/index.htm. The basic system concept is shown schematically in Fig. 4 , in the case of quasi-static operating mode (actuation frequencies lower than the mechanical resonance frequency). This is basically an extension of the chopper combined with coherent detector that is often used in instrumentation and measurement.
The main difference, as compared to the conventional coherent detector preceded by a chopper (AM modulator), is that the modulation parameter (actuation voltage) is present, not in a forward, but in the feedback path. Moreover, this parameter is squared. This leads to a transfer function of the system that can be written, for the general case as (Fig. 3 ) (2) where is the mechanical spring of the device, is the change in the spring caused by the feedback path, is the nondimensional modulation constant (depends on the design and on the feedback path characteristics), is the displacement caused by an external force (external acceleration), and is a parameter setting the gain and operation point. In the case of a harmonic actuation voltage, , and according to (2) , the gain introduced by the feedback path will vary periodically with a frequency (3) Since the gain is periodic, a discrete Fourier series decomposition can be made. Due to the symmetry (even function), only the cosine coefficients appear in the Fourier series. Fig. 5 shows a bar diagram of the coefficients of the Fourier series for a modulation factor
. With the exception of the dc component and the higher order harmonics, the transfer function comes close to the concept of multiplying the input mechanical acceleration with an electrically controlled signal.
The disadvantage of the nonlinear feedback and of placing the control voltage in the feedback path is the presence of dc and higher harmonics. A substantial improvement results from the use of a twin-accelerometer structure, as schematically shown in Fig. 4 . In this case, the equivalent time-varying gain is (4) The two identical accelerometers are actuated in quadrature (with 2 phase shift) and, as in a capacitor the electrostatic force is given by the square of the voltage, the initial phase shifts are transformed. With this transformation in the phase shift, all the even harmonics of the transfer function, including the dc component, are eliminated after subtraction of the output signals of the two accelerometers. Consequently, the distortion is significantly lower as compared to classic harmonic modulation in the case of a single channel scheme.
A comparison of the time-varying gain for the quadrature actuation with the simple harmonic actuation is shown in Fig. 6 
for
. The expressions for the gains were normalized. In the case of the single accelerometer with harmonic excitation, the dc component was removed. Even if the modulation factor is large, the differential gain has a much lower level of distortion compared to the single-accelerometer case.
When the twin accelerometers actuated in quadrature are used, the differential output will contain a signal , where is the input acceleration, while is the frequency of the electrostatic driving force. An averaging filter will generate therefore the cosine spectral component of frequency 2 present in the signal, 2 . A similar quadrature actuation, but with a phase difference of 4, will generate an output 2 . In such a case, the output of the averaging filter will correspond to the sine spectral component of frequency 2 present in the input acceleration signal, 2 . As the phase shift between the input acceleration signal and the time-varying actuation voltage is unknown, the amplitude of the spectral component of frequency 2 is . A time-multiplexing method is used to extract the real and imaginary components, as shown in Fig. 4 , of the desired spectral term 2 of the input mechanical vibration. By varying the frequency of the electrical actuation, the mechanical vibration spectrum is scanned.
IV. EXPERIMENTAL RESULTS
For experimental validation, two prototype accelerometers were used (Fig. 2) . The displacement is measured by sensing the changes in a set of differential capacitors in the accelerometer. The use of a vibration table (Bruel & Kjaer PM Vibration Exciter-Type 4808) allows us to generate the accelerations. To generate the desired waveforms an HP33120A function generator was used. By connecting the HP33120A output to the vibration table amplifier, the desired accelerations were applied to the accelerometers. The first acceleration test signal applied was composed of three components (70, 110, and 190 Hz), with 20 dB difference in peaks between the first and second component and 6 dB difference between the first and third component. The signal, with maximum amplitude of 27 m/s , was measured by one of the accelerometers in the absence of any electrostatic actuation and is presented in Fig. 7 .
First, the output of the accelerometer in the absence of any electrostatic actuation was acquired with a 50 kHz sampling rate, for 2 s, and the FFT of the time series was computed. Basically, the FFT of the signal of Fig. 7 was computed and is presented in Fig. 8(a) . The real-time spectrum extraction scheme (Fig. 4) was then applied, with a 2 s integration time for each point. The obtained spectrum is shown in Fig. 8(b) . In a second test, the spectrum of a signal with two closely spaced components and maximum amplitude of 32 was measured. The input signal, consisting of two components of 160 and 170 Hz, respectively, and a 28 dB difference in peaks, was first acquired with a 50 kHz sampling rate, for 4 s, and no electrostatic actuation. It is presented in Fig. 9 . The realtime scheme was then used, with an integration time of 4 s. The comparative results are presented in Fig. 10 and again validate the concept.
The results obtained with the real-time spectrum scan compare well with FFT with the same acquisition time. Due to mismatches on the accelerometers, the noise level is higher in the proposed approach. Also some small delays introduced in the capacitive readouts of both accelerometers contribute to the oscillations observed at the lower level values. This complicates a comparison in terms of sensitivity.
The dynamic range depends on the choice of the nondimensional parameter . A compromise among sensitivity, distortion level, and dynamic range has to be found in order to set the voltage amplitude used for electrostatic actuation. For higher sensitivities, the dynamic range decreases, while the distortion levels increase. In principle these values can be adjusted depending on the targeted application.
Similar to the FFT approach, the selectivity of the real-time spectrum scan depends on the integration (acquisition) time. In critical applications with closely spaced spectral peaks, the FFT performs better. However, the real-time spectrum analyzer is far more flexible when it comes to zooming-in.
V. CONCLUSION
The method presented here basically involves electronically controlled spectral filtering in the mechanical domain. The critical part is the compromise between achievable sensitivity and the distortion level, which determines the voltage amplitude used for electrostatic actuation.
Another important practical issue is the matching of the two accelerometers. However, any mismatch can be corrected by First measurements indicate a dynamic range in excess of 40 dB and selectivity better than 10 Hz at 160 Hz, at a 4 s acquisition time. This performance compares well with FFT on a 4 s time series.
The capacitive transducer in combination with low-power readout circuits has the potential for lower power consumption compared to a digital system running an FFT algorithm. The method presented here is very suitable for low-power low-cost applications. This advantage becomes even more apparent in applications where, based on prior knowledge on failure mechanisms involved, one can decide to only monitor some known spectral components. This is often the case in condition monitoring systems. 
